Abstract. Being an integral effect of sub-seasonal rain spells over the season, the seasonal mean south Asian monsoon (SAM) rainfall could be affected by change in the length of the rainy season (LRS). An objective definition of the duration of the SAM season has, however, been lacking. Here we show that the meridional gradient of tropospheric temperature (∆TT) over the SAM region controls the LRS and defines the SAM season. It is further shown that ENSO induces decreased SAM rainfall by regulating the LRS. The atmospheric response to tropical sea surface temperature (SST) over the tropical Pacific during an evolving El Niño reduces ∆TT over the SAM region and shortens LRS by delaying the onset and advancing the withdrawal. The strong negative correlation between LRS and ENSO related SST has remained steady and provides basis for improved prediction of seasonal mean SAM rainfall variability.
Introduction
Based on spatial coherence of seasonal rainfall, the south Asian monsoon (SAM) region includes parts of Arabian Sea, the Indian continent and the north Bay of Bengal [Goswami et al., 1999] . The inverse relationship between ENSO and the SAM rainfall has so far been linked to modification of large-scale environment for organized convection associated with the eastward shift of the Walker circulation [Webster et al., 1998; Kumar et al., 1999; Krishnamurthy and Goswami, 2000 ; Lau and Nath, 2000] . The seasonal mean rainfall can also be influenced by significant change in the length of the rainy season (LRS). The conventional definition of the SAM season to be between June 1 and September 30 is arbitrary but an objective definition of exact SAM season has been lacking. The primary character of the SAM being sustained enhanced precipitation on continental scale, the monsoon 'onset' over Kerala (MOK) and 'withdrawal' from the southern tip of the continent (around 10 • N) delineates the SAM season. In some years, SAM 'onset' takes place significantly earlier than June 1 while 'withdrawal' can take place weeks after September 30. Non-inclusion of rain spells outside the traditional definition of the SAM season may significantly influence the interannual variability (IAV) of the seasonal mean SAM rainfall and its teleconnection with other global phenomena such as the El Niño and Southern Oscillation (ENSO). Here we identify the physical process that controls the 'onset ' and ' withdrawal' of the SAM and provide an objective method for the age-old problem of defining the SAM season. This new definition also helps us to unravel a mechanism, not recognized so far, through which ENSO influences the SAM rainfall.
Onset, Withdrawal and LRS of SAM: Physical basis
Large poleward shift of the rain belt (tropical convergence zone, TCZ) over the SAM region during northern summer [Gadgil, 2003 ] is a manifestation of repeated northward migration of the TCZ from near the equator to about 25
• N on intraseasonal time scale [Goswami, 2005] . MOK represents the beginning of large scale organized deep convection with rather abrupt transition from dry to wet condition [Soman and KrishnaKumar, 1993] and sets up the largescale background condition for northward propagation of the TCZ. The SAM season ends or 'withdraws' from the continental region when the large-scale conditions inhibit northward propagation of the TCZ north of 10
• N. Actual dates of these two events are governed by the change in sign of the meridional gradient of the tropospheric non-adiabatic heating over the region, effectively represented by the tropospheric temperature averaged between 200 hPa and 700 hPa (TT). The climatological mean difference in TT (∆TT) averaged over the north and south boxes (Fig.1,inset) calculated from NCEP/NCAR reanalysis [Kalnay et al., 1996] (hereafter referred to as NC) is shown in Fig.1 . We define the onset (withdrawal) of the SAM as the date when the ∆TT changes from negative to positive (positive to negative). The two boxes are chosen such that the ∆TT represents the large scale heating gradients driving the large scale SAM circulation reasonably well. While some form of change of sign of ∆TT has been associated with monsoon onset earlier [Li and Yanai, 1996; He et al., 2003 ], here we propose that it is also associated with the withdrawal and provide a physical basis for the same (see below).
The classical land-ocean contrast model involving surface temperature gradient forces only a shallow circulation [Schneider and Lindzen, 1977] and cannot explain the deep vertical structure of the SAM . The meridional gradient of deep tropospheric heating is primarily responsible for the deep SAM circulation and may be effectively represented by the meridional gradient of TT [Webster et al., 1998] . Sensible heating over the Tibetan Plateau during the premonsoon period plays a crucial role in setting up the deep heating in the northern location [Yanai et al., 1992; Li and Yanai, 1996] and is instrumental in reversing the meridional gradient of TT. After the SAM onset, latent heat released from SAM precipitation contributes significantly to the northern heat source. In addition, heat advection associated with quasi-stationary planetary waves can also influence the temperature of the northern part and hence the meridional gradient of TT. Land surface heating (heat low) during late April and May produces surface convergence (north of 10
• N) of warm moist air from south but is capped by a subsidence and southward flow of drier colder air above the planetary boundary layer (PBL). The process builds up potential convective instability to a high level but could not be realized due to the inhibition of subsidence above the PBL. The change in the sign of meridional gradient of TT ushers in the off-equatorial large-scale deep heat source. The atmospheric response to such a heat source (279) 7.2 (7.4) LRS 129 (133) • E and 100
• E (thick solid, right scale). [Gill, 1980; Rodwell and Hoskins, 1996] leads to cross equatorial flow and large scale cyclonic circulation above the planetary boundary layer (PBL). This moves the zero absolute vorticity line at 850 hPa to north of the equator [Tomas and Webster, 1997] (about 5
• N, Fig.1 , thick solid) and facilitates triggering symmetric inertial instability. The symmetric instability [Tomas and Webster, 1997; Krishnakumar and Lau, 1998 ] overcomes the inhibition by forcing frictional boundary layer convergence and leads to explosive development of off-equatorial organized convection (namely TCZ) 6 1960 1965 1970 1975 1980 1985 1990 95% confidence level (1957,65,72,79,82,87,92 and 97) and 7 La Nina years (1955,64,70,73,75,88 and 99 ) defined using normalized Niño4 SST anomalies being > 1 (< -1).
and 'onset' of SAM (i.e., MOK). Progression further north and maintenance of SAM depends on the poleward propagation of the TCZ, which, in turn, depends crucially on the easterly vertical shear of the mean zonal wind [Jiang et al., 2004] . The critical value of easterly shear of mean zonal wind between 200 and 850 hPa averaged over 50
• E-90
• E,Eq.-15
• N (from NC) required for sustained northward propagation appears to be around 20 m s −1 (Fig.1, dashed) . Lesser poleward extent of the seasonal mean precipitation band and weaker poleward propagation of the TCZ over the east-Asian monsoon (between 110
• E-150
• E) is due to a combination of weaker ∆TT and weaker easterly shear of the mean zonal wind (see Supplementary Fig.1 ). Thus, MOK and withdrawal defined in this manner are physically based and does not require an ad-hoc magic threshold of precipitation as in most traditional definitions. While rainfall based withdrawal date (WD) of south-west monsoon from Kerala could be ambiguous due to rainfall from north-east monsoon, our definition WD is an unambiguous end of the south-west monsoon season as it indicates time of transition from a heat source north of 10
• N to one located south of 10
• N and that the northward propagation of TCZ north of 10
• N ceases after this date. Being based on averages over a large region, our onset date (OD) is also less sensitive to small-scale processes and less susceptible for 'bogus' onsets. (Table-1 ). The definition of OD, WD and LRS in this manner is rather robust as evident from strong correlation between them obtained from NC and ERA-40 (being 0.70, 0.98 and 0.89 respectively). Most discrepency between the two data sets appears in OD. We find that ERA is little more sensitive to bogus onsets. While OD is almost idential in both data sets for 38 of the 45 common years, ERA gives systematically early (bogus) OD in seven years (see supplimentary Fig.2 and supplimentary Table- 2). Due to longer data length and more stable OD (and hence LRS), all subsequent analysis is based on NC. To remove influence of known decadal climate shift around mid 1970's in NC and SST, the weak trend in OD, WD, LRS and SST has been removed.
Statistics of the onset (OD) and withdrawal (WD) dates and length of the rainy season (LRS = WD-OD) obtained from NC between 1950 and 2003 shows (
The OD obtained by our method correlates well with the MOK from India Meteorological Department [Joseph et al., 1994] (Table-2 ). This is consistent with our hypothesis that the thermodynamic definition of OD should be related with the precipitation based definition (e.g.MOK) through mechanisms discussed earlier in this section. The extremes of LRS differ by 46 days, much larger than those for either OD or WD (30 days). Such changes in LRS can affect the seasonal mean SAM rainfall simply by embracing more or curtailing the number of sub-seasonal rain spells. Influence of LRS on seasonal mean monsoon rainfall is evident from its significant strong correlation of LRS with May-October all India rainfall (AIR [Parthasarathy et al., 1994] ) (Table- 2). While OD is positively correlated and WD negatively, the LRS is strongly negatively correlated with Niño3 SST or Niño4 SST. Coherent interannual variation of Niño4 SST and LRS anomalies is evident from their normalized time series (Fig.2a) . Unlike the correlation between the JuneSeptember AIR with Niño4 SST that decreases to insignificant values during the recent decades (Fig.2b, dashed) , the correlation between LRS and Niño4 SST has remained robust and highly significant throughout the period (Fig.2b,  solid) . As daily AIR for the period is not currently available, it is not possible to examine similar correlations of JJAS AIR and AIR for LRS periods with Niño4 SST. In the absence of such data, we calculate extended Indian monsoon rainfall, EIMR [Goswami et al., 1999] for JJAS and LRS periods from NCEP reanalysis precipitation. Dramatic difference between 21-year sliding correlations between JJAS EIMR and LRS EIMR is noteworthy (Fig.3) . Stability of the correlations between LRS EIMR and Niño4 SST indicates that a part of the so called weakening of ENSO-monsoon relationship [Kumar et al., 1999; Krishnamurthy and Goswami, 2000 ] during recent decades may be simply due to not defining the monsoon season correctly.
ENSO regulation of LRS (SAM): Mechanism
The correlation map of JJAS SST and LRS (see Supplementary Fig.3) shows that the large scale ENSO related SST pattern is closely linked with the LRS variability. The slow evolution of ENSO SST has a clear and definite influence on OD, WD and LRS as the sign of correlation between all three parameters with Niño4 SST of each month from January till December remains same (see supplimentary Table-1). ENSO regulates LRS through the atmospheric response to the diabatic heating associated with the ENSO SST that leads to a substantial reduction of the meridional gradient of TT over the SAM region during May and September. The El Niño minus La Nina composite TT anomalies averaged between 15 April -15 May and 15 September -15 October (Fig.4) illustrates that the withdrawal phase is more strongly influenced by the ENSO SST compared to the onset phase. Further, most of the reduction (increase) in TT during El Niño (La Nina) occurs over the northern box between 10
• N and 35 • N. The spatial pattern of ENSO induced TT anomalies is consistent with response of tropical atmosphere to ENSO SST induced diabatic heating (see supplimentary Fig.5 ) through tropical wave dynamics [Rodwell and Hoskins, 1996; Hui et al., 2003] . Although, the SAM region is far away from the core convection associated with the ENSO, the tropical wave dynamics provides an atmospheric bridge that helps ENSO regulate the LRS by modulating the ∆TT. El Niño and La Nina composites of vertical shear (between 200 hPa and 850 hPa) of zonal winds averaged between 50
• E, Eq. 
Conclusions and discussions
An objective method for the age-old problem of defining the SAM season is proposed. Accordingly, the period between 15 May and 15 October may be considered as the SAM season to take into account southwest monsoon rains outside the traditional 1 June -30 Sepetmber definition. Interannual variability of SAM rainfall with this definition of the season should be reconstructed and all teleconnections re-examined.
A mechanism, not recognized so far, is discovered where ENSO controls SAM rainfall by controling the LRS. Through atmospheric response of SST induced diabatic heating, El Niño (La Niña) weakens (stengthens) ∆TT over the SAM region and shortens (lengthens) LRS and SAM rainfall. This mechanism is different but not inconsistent with the ENSO influence on SAM through change in Walker circulation. The weakening of zonal wind shear during El Niño's over the onset and withdrawal phases is indeed linked to the shift of the Walker circulation. We recall that the SAM rainfall could be affected by the LRS as well as level of activity of monsoon intraseasonal oscillations (ISOs) and its probability density function (PDF) within the season. The variability of SAM rainfall would depend entirely on the LRS if the ISO activity and its PDF within the season do not vary. However, the amplitude of ISO activity as well as its PDF could vary independent of the LRS due to internal dynamics of the atmosphere. In the recent years, the IAV of the seasonal mean SAM rainfall seems to be dominated by such internal IAV [Goswami, 2004] . Such internal IAV are not modulated by large-scale variability associated with ENSO and hence uncorrelated with it. In light of this, the weakening relationship between June-September all India rainfall (AIR) and ENSO indices [ Krishnamurthy and Goswami, 2000; Kumar et al., 1999] in contrast to the significant and steady relationship between LRS and ENSO indices may be reconciled. With the prediction of the ENSO six to nine months in advance becoming a reality, the steadiness of the ENSO -LRS relationship provides hope for better prediction of the ENSO forced component of SAM variability. 
